Abstract This paper studies the initial stages of iridescent tarnishes on titanium heat exchanger tubes in contact with running freshwater on the river Tagus in Spain for up to 20 months. Electrochemical impedance spectroscopy (EIS), scanning electron microscopy [(SEM with energy dispersive X-ray (EDX)] and X-ray photoelectron spectroscopy (XPS) in conjunction with argon-ion sputtering were the techniques used. The EIS data indicated a capacitive behavior, showing a semicircle that was better defined as the experimental time increased, indicating a decreasing tarnishing resistance of titanium. XPS and EDX results indicated that the main elements identified were calcium, phosphorus, nitrogen, and iron. The amount of these elements was higher on the tarnished titanium specimens than on the untarnished specimens. SEM analysis showed the presence of diatoms in the iridescent tarnishes on titanium tubes.
Introduction
The low pitting corrosion resistance of AISI 304 austenitic stainless steel and admiralty brass in condenser tubes in power generating stations is leading to their replacement by materials such as titanium (Otero et al. 1997) . However, since the thermal conductivity coefficient of titanium is worse than that of the aforementioned materials, there is a growing tendency to design thinner tubes, which increases the risk of pitting corrosion.
The formation of biofilms on the materials used to manufacture heat exchanger tubes is a phenomenon that can cause deterioration in a short time period. Biofilms consist of microbial cells, cellular metabolites, extracellular polymeric substances (EPS) and various corrosion products (Characklis and Marshall 1990) . Biofilms are unequally distributed over the surface of the affected materials and tend to be discontinuous. Biofilms also suffer seasonal changes and can give rise to substantial changes in zones adjacent to the metal, influencing corrosion phenomena (George et al. 1995) . The detrimental effects of biofilms include: a reduction in heat exchanger efficiency-leading to economic losses-and the generation of highly aggressive conditions that can accelerate the materials' deterioration by pitting corrosion and, in some cases, stress corrosion cracking (Rao and Nair 1998) .
In the literature, titanium and its alloys are considered to be superior materials in terms of corrosion resistance (Schutz 1991) . After more than 1 year of exposure to natural seawater, titanium specimens have appeared to be uniquely resistant to corrosion (Little et al. 1992) .
The aim of this paper was to study the tarnishing process originated under biofouling on titanium tubes used in heat exchanger systems in a hydroelectric power station by means of electrochemical impedance spectroscopy (EIS) measurements as a function of time. Biofouling was analyzed by scanning electron microscopy (SEM) and optical inspections. The metallic surface modification after tarnishing was analyzed using the X-ray photoelectron spectroscopy (XPS) technique in conjunction with argon-ion sputtering. Another aim of this paper was to study the applicability of Kramers-Kronig (KK) relationships to assess the validity of real and imaginary EIS measurements for the titanium/freshwater system.
Materials and methods
Biofouling and tarnishing monitoring devices were installed in running water at the Valdecañas dam on the river Tagus in the province of Cáceres, Spain, close to the Almaraz nuclear power plant, which operates with a continuous flow of freshwater taken directly from the reservoir on the river. Chemical analysis of the water was performed at different times according to AWWA-APHA-WEF methods (1998) and showed an incrustant type-water with a stability index of 5.00-6.32 at 30°C.
The tested material was unalloyed titanium of commercial purity, grade 1 (ASTM B-338 Standard 2002), in the form of heat exchanger tubes of 25 mm diameter. This material usually operates between 25-35°C. Immersion tests performed for 20 months indicated a large amount of biofouling (diatoms, bacteria, etc.) . Iridescent tarnishes were observed on the titanium tubes under the biofilms.
The EIS method was used in the frequency range from 20×10 3 Hz to 3.2×10 −3 Hz, with a logarithmic sweeping frequency of five steps/ decade. EIS data was generated at the open circuit potential (OCP). EIS involved the imposition of a 10×10 −3 V amplitude sine wave. A Solartron 1280B portable unit was utilized (Solartron Analytical, Farnborough, UK). All experiments were performed at ambient temperature. A three-electrode cell arrangement was utilized to monitor EIS data with a saturated calomel electrode as reference electrode and cold resin-mounted titanium as working and counter electrodes. Working electrode specimens of 2 cm 2 surface area were used for on-line EIS measurements.
Biofouling characterizations were performed by SEM using a Zeiss DSM 960 unit, equipped with energy dispersive X-ray (EDX), at an accelerating voltage of 15 kV. Prior to analysis, specimens were washed in a 0.01 M cacodylate buffer solution at pH 7.4 and fixed in 2.5% glutaraldehyde in 0.01 M sodium cacodylate at 4°C for 3 h. They were then dehydrated in an ascending acetonic sequence of 20%, 40%, 60%, and 80% for 30 min at 4°C. The specimens were kept in a 100% acetone solution at 4°C until the critical point was reached (Balzers Union CPD 020; Vaduz, Liechtenstein). Finally, all the specimens were sputter coated with gold (Balzers Union SCD 004). Specimens of 6.3 cm 2 surface area (split tubes) were used for SEM and EDX analyses.
XPS analysis was performed using a VG Microtech model MT 500 spectrophotometer (VG Microtech, East Sussex, UK) with an Mg Kα 1.2 anode X-ray source, hν =1,253.6 eV binding energy (BE), with a primary beam energy of 15 kV and an electron current of 20 mA. The pressure in the analysis chamber was maintained at 1×10 −9 Torr (1 Torr = 133.322 Pa) throughout the measurements. The regions of interest were O 1 s, C 1 s, Fe 2p, Ti 2p, Ca 2p, P 2p, and N 1 s. The instrumentation was periodically calibrated using Ag (3d 5/2 ) (368.0 eV BE) and Au (4f 7/2 ) (84.0 eV BE) substrates. The spectra were integrated for 20 scans. XPS spectra were analyzed by a least squares fit in order to obtain more information about the chemical states. The peaks were fitted using a Gaussian-Lorentzian mixed function, after a Shirley background subtraction. Specimens of 1.0 cm 2 surface area were used for XPS analysis. Argon-ion sputtering was used to clean the outermost layer of surface contamination, in order to obtain a better signal from the tarnish film. To remove some of the surface contamination on the titanium tube specimens, 1 min of argon-ion sputtering was carried out with a primary beam energy of 5 kV and an ion intensity of 10 mA. A short sputtering time was used with the aim of avoiding the chemical changes induced by argon-ion bombardment. The sputtering rate under these conditions, obtained by ion etching of a tantalum specimen covered in a Ta 2 O 5 layer of known thickness, was 15 Å min −1 .
Results
EIS is a non-invasive and in situ method that allows the impact of a biofilm on a metal surface to be studied without disturbing it (Jayaraman et al. 1999) . Figure 1 shows five typical Nyquist plots at the OCP for titanium specimens in contact with freshwater in the Valdecañas hydroelectric power station for up to 569 days of experimentation. The interpretation of EIS data depends largely on the equivalent circuit used to model the solid metal/electrolyte system. The equivalent circuit is hard to formulate for a complex system such as an electrode partially covered by a biofilm. An R p C equivalent circuit may be used to fit the EIS data and to obtain quantitative information on R p (polarization resistance, associated with the tarnishing process) and C (capacitance of the titanium/ freshwater interface).
A complex non-linear least squares analysis was performed to fit the R p and C parameters to the impedance data ; there is excellent agreement between the experimental and simulated results (Fig. 1) . R p and C range from 0.7 to 2.2×10
6 Ωcm 2 and 17.3 to 75.5×10 −6 F/cm 2 , respectively. The KK relationships were applied to asses the validity of the EIS data obtained using the monitoring procedure described above. Figure 2 shows KK analysis of the transformation of the impedance data from Fig. 1 for 569 days of experimentation time, as an example: the plot in Fig. 2a compares the results of the real-to-imaginary transform with the imaginary component of the experimental impedance; and the plot in Fig. 2b compares the result of the imaginary-to-real transform with the real component of the experimental impedance. The algorithm used has been described elsewhere (Bastidas et al. 2001) . Fig. 1 Nyquist plots of titanium/freshwater system at different experimental times Figure 3a shows a photograph of incipient iridescent tarnish spots on titanium tubes in contact with the running freshwater of the river Tagus for 372 days of experimentation. SEM analysis of the spot indicated by the arrow in Fig. 3a reveals the formation of diatoms (see Fig. 3b ). EDX results for the titanium specimen in Fig. 3b show swings from high to low intensity of oxygen, iron, carbon, calcium, silicon, and titanium. Figures 4, 5, 6, and 7 display SEM micrographs at different experimental times for titanium specimens immersed in the freshwater of the river Tagus.
XPS is a well-established technique for studying the surfaces of inert biological materials and of living cells (Kearns et al. 1992) . Table 1 summarizes BE peaks of high resolution XPS spectra for O 1 s, Fe 2p 3/2 , Ti 2p, P 2p and Ca 2p on the tarnished and untarnished areas of the titanium specimens for 569 days of experimentation. Three peaks were defined on the O 1 s spectra at 530.1 eV BE, 531.1-531.3 eV BE, and 533.0 eV BE. These peaks can be attributed to titanium dioxide (TiO 2 ), oxygen in phosphates and/or carbonates, and water, respectively. On the Fe 2p 3/2 spectra for the tarnished specimen the spectra show a major peak corresponding to iron(II) at 709.2 eV BE and an important contribution of iron(III) at 711.0 eV BE with a satellite at 714.3 eV BE. Only a small amount of metallic iron is present on the untarnished specimens. As there is no iron in the composition of the metallic titanium substrate, this iron must be from an external source. On the Ti 2p and for the untarnished specimen, an intense Ti 2p peak can be observed with the maximum of the 2p 3/2 peak located at 458.4 eV BE, which may be attributed to TiO 2 . This TiO 2 layer is responsible for the passivity and high corrosion resistance properties of titanium, and its signal is much lower in the spectrum corresponding to the tarnished specimen, in agreement with the oxygen spectra. XPS spectra for P 2p on the titanium specimens show an unresolved 2p doublet with a maximum located at 133.6 eV BE, which is much more intense on the tarnished titanium specimen and may be attributed to phosphates. XPS spectra for Ca 2p on the titanium specimens shows a peak located at 347.2 eV BE, which may be attributed to CaO, CaCO 3 or even some calcium phosphates. It should be noted that no sulfur signal was observed in the XPS spectra for the tarnished and untarnished titanium tube specimens. Figure 8 shows the atomic percentages of the different elements on the titanium specimens. The atomic percentage of each element (c i ) was obtained using the expression: c i ¼ A i =S i P ðA i =S i Þ Â 100 where A i is the peak area;
and S i is the sensitivity factor of the element i (Seah 1990 ).
Discussion
The Nyquist plots of Fig. 1 for titanium specimens in contact with freshwater indicated a capacitive behavior showing a large diameter semicircle, suggesting that the titanium specimens present high tarnishing resistance (high R p value). It can be observed that the semicircle in the Nyquist plot is better defined as the experimental time increases, indicating a decreasing tarnishing resistance of titanium. As can be observed in Fig. 2 , a close relationship between experimental and calculated data was obtained, and consequently the experimental impedance data of Fig. 1 for 569 days of experimentation satisfies KK relationships, meaning that the monitoring arrangement used to obtain the experimental impedance data has not introduced any error in the acquisition impedance procedure, and the data can be used to study the titanium/ freshwater system. The evolution of titanium tubes with time indicated by the Nyquist plots of Fig. 1 was in good agreement with SEM analyses. In general, for the first month of experimentation, rod-shaped, coccoid and filamentous bacteria can be observed, forming a bacterial net deposit on the titanium specimens after several days of immersion. The number of bacteria increased with immersion time. EDX results show that the filamentous bacteria were covered by iron, manganese and calcium after 122 days of immersion. After 29 days of immersion some biofouling was formed. This phenomenon varies according to the season of the year (George et al. 1994) . Thus, during the summer (July-September) biofouling contained microalgae of the genus Staurastrum (see Fig. 4 ), during the autumn (October-November) protozoa of the genus Vorticella were observed (see Fig. 5 ), and during the winter the biofouling formed on titanium contained a great quantity of centered diatoms of the genus Stephanodiscus (see Fig. 6 ) and some microscopic crustaceans like Copepods (Fig. 7) .
XPS results supplied complementary information to the previous methods. Figure 8 indicates that all the specimens show the presence of calcium, phosphorous and nitrogen, in higher quantities on the tarnished titanium specimens. Iron is present on the titanium specimens after 1 min of argon-ion sputtering, and in a much higher quantity on the tarnished specimens. This result indicates that there is an external source of iron, which may be attributed to microbiological activity. A decrease in the oxide layer can also be observed in Fig. 8 , indicating a decrease in the amount of oxygen on the tarnished specimens.
Titanium is not biotoxic and permits the growth or attachment of any micro-or macro-biofilm or organism on the metal surface. Thus, the presence of microbial colonies such as diatoms (see Fig. 3b ) and chemical compounds such as carbonates and silica (detected in the chemical analysis of the running freshwater) on the titanium surface leads to spots, which may be associated with local points of restricted oxygen and that may operate as anodic areas of titanium and, by a local breaking mechanism (differential aeration) of the passive film on titanium, produce tarnishing.
Although the literature reports that no microbiologically influenced tarnishing has been observed on titanium tested for more than 1 year, the present research has shown contrary results. Nevertheless, the time required to observe tarnishing in this field study was rather long; more than 2 years. Iridescent tarnishes were visually observed on titanium for the first time after 372 days of experimentation. Fig. 8 Atomic percentages obtained by X-ray photoelectron spectroscopy (XPS) on titanium specimens, as-received and after 1 min argon-ion sputtering after 569 days of experimentation
